Increasing emissions of heavy metals such as cadmium, mercury and arsenic into the environment pose an acute problem for all organisms. Considerations of the biochemical basis of heavy metal detoxification in animals have focused exclusively on two classes of peptides: the thiol tripeptide glutathione (GSH, γ-Glu-Cys-Gly), and a diverse family of cysteine-rich low molecular weight proteins the metallothioneins (MTs). Plants and some fungi, however, not only deploy GSH and MTs for metal detoxification but also synthesize another class of heavy metalbinding peptides termed phytochelatins (PCs) from GSH. Here we show that PC-mediated heavy metal detoxification is not restricted to plants and some fungi but extends to animals by demonstrating that the ce-pcs-1 gene of the nematode worm Caenorhabditis elegans encodes a functional PC synthase whose activity is critical for heavy metal tolerance in the intact organism.
INTRODUCTION
Plants and some fungi posttranslationally synthesize novel peptides termed phytochelatins (PCs) when exposed to heavy metals. Fabricated from the ubiquitous thiol tripeptide glutathione (GSH) and related thiols in a novel transpeptidation reaction catalyzed by PC synthases (γ-glutamylcysteine dipeptidyl transpeptidases; EC 2.3.2.15), PCs have the general structure (γ-GluCys) n -Xaa, contain 2-11 γ-Glu-Cys repeats, chelate heavy metals at high affinity, and facilitate the vacuolar sequestration of heavy metals, most notably Cd 2+ (1) (2) (3) . Although it is more than a decade since the first report of the partial purification of a heavy metal-, primarily Cd 2+ -, activated PC synthase from plant extracts (1) , it is only recently that the small family of genes encoding these enzymes has been identified in plants and the fission yeast Schizosaccharomyces pombe (4) (5) (6) . As exemplified by the clone from Arabidopsis thaliana (AtPCS1), these genes encode 45-55 kDa proteins that are sufficient for heavy metal-activated PC synthesis from GSH both in vivo and in vitro (6, 7) .
An unexpected outcome of the cloning of AtPCS1 and its equivalents from other plants and S. pombe was the identification of a single-copy gene homolog (accession number Z66513) in the nematode worm Caenorhabditis elegans (4) (5) (6) . Designated ce-pcs-1, this gene encodes a hypothetical 40.8 kDa protein (CePCS1) bearing 32% identity (45% similarity) to AtPCS1 in an overlap of 367 amino acid residues (6) . Disclosure of a PCS1 homolog in the genome of C.
elegans was surprising in that it raised for the first time the possibility that not only GSH and metallothioneins (8) but also PCs might participate in metal homeostasis in at least some animals.
In the report that follows we demonstrate unequivocally that ce-pcs-1 encodes a bona fide PC synthase whose activity is necessary for the detoxification of heavy metals in the intact (12, 13) . The pYES3-CePCS1, pYES3-CePCS1::FLAG and empty vector transformants were selected for uracil prototrophy by plating on AHC medium supplemented with glucose (2% w/v) and tryptophan (50 µg/ml). pYES3-AtPCS1::FLAG-transformed DTY167 cells were generated as described (6) . Measurement of PCs and PC synthase activity. The cellular PC content and PC synthase activities of the cell-free extracts from yeast CePCS1::FLAG-, AtPCS1::FLAG-and empty vector transformants were estimated as described (7) by a combination of reverse-phase HPLC and thiol quantitation with Ellman's reagent. Individual PC fractions were identified by estimating their Glu/Gly ratios (ratio = n = number of Glu-Cys repeats per Gly) after acid hydrolysis and amino acid analysis of the appropriate HPLC fractions and/or on the basis of their comigration with PC standards synthesized in vitro by purified AtPCS1-FLAG (7).
Preparation of

SDS-PAGE and immunoblot analyses.
Protein samples were prepared for and subjected to SDS-PAGE for immunoblot analysis against anti-FLAG M2 antibody (Sigma) as described (6) .
dsRNA synthesis. For in vitro ce-pcs-1 RNA synthesis, the cDNA insert of pYES3-CePCS1 was subcloned into pBluescript and RNA was transcribed from the T3 and T7 promoters using an in vitro RNA transcription kit (Stratagene). After DNase digestion of the template, the sense and antisense preparations were gel-purified, mixed in an equimolar ratio in 1 mM Tris-HCl (pH 7.5) containing 1 mM EDTA, heated for 1 min in a boiling water and annealed at room temperature (15). The single electrophoretic species corresponding in size to that expected of dsce-pcs-1 RNA was purified by phenol/chloroform extraction, dissolved in water, diluted to a concentration of 500 ng/µl with injection buffer (16) with dsgfp RNA by the same procedure. In both cases the worms were screened for Cd 2+ tolerance; in the latter case the worms were also screened for diminished hypodermal cell MUP-4::GFP expression (17). GFP levels were assessed under a Leica stereomicroscope equipped with UV illumination.
RESULTS
CePCS1 catalyzes PC synthesis. The functional equivalence of CePCS1 with its plant and S.
pombe homologs was determined by heterologous expression in Saccharomyces cerevisiae, which otherwise lacks PC synthase (4-6). For this purpose and to render its translation product immunodetectable, ce-pcs-1::FLAG fusions were cloned into expression vector pYES3 and these (pYES3-CePCS1::FLAG), the untagged construct (pYES3-CePCS1) and empty vector were transformed into Cd 2+ -hypersensitive S. cerevisiae strain DTY167 (Materials and Methods). elegans were injected with injection buffer alone, injection buffer containing dsgfp RNA or with injection buffer containing dsce-pcs-1 RNA, and cultured on standard nematode growth medium (NGM) or on NGM containing different concentrations of CdCl 2 . Four days later, the progeny of these worms were scored for gross morphology, development and fertility.
The progeny of control worms injected with either injection buffer or dsgfp RNA were indistinguishable from wild type (Figs. 3, 4A ), although all of the progeny of the dsgfp RNAinjected GS86 worms exhibited markedly diminished or no GFP expression as determined by fluorescence microscopy. At low (5, 10 and 25 µM) concentrations of Cd 2+ , the wild type control progeny developed into normal-sized, gravid adults, comparable to those grown in the media devoid of heavy metal (Figs. 3, 4B ). At higher concentrations (50 and 100 µM), the controls grew more slowly, but nevertheless reached adulthood and laid eggs after about 6 days (data not shown). In contrast, marked differences were evident in the progeny of worms injected with dsce-pcs-1 RNA, even at lowest concentrations of Cd
2+
. When raised on 5 and 10 µM Cd 2+ , the CePCS1-deficient animals reached adulthood (Fig. 3) ; however, at 5 µM most individuals retained their eggs, and at 10 µM showed severe necrosis (Fig. 4B) , producing fewer eggs. A fraction (21%) of the worms reached adulthood at 25 µM CdCl 2 ( Fig. 3 ) but they were small, necrotic, sterile and eventually died. At 50 and 100 µM Cd 2+ , CePCS1-deficient worms arrested at the L2-L4 larval stage, were extensively necrotic and had died by day 6 (Figs. 3 and 4C) . The differential effects seen were conditional on exposure to Cd 2+ since CePCS1-deficient worms were identical to wild type when grown on standard NGM plates (Figs. 3 and 4a) . As would be expected if the effects of Cd 2+ on the CePCS1-deficient worms were irreversible, transfer of arrested larvae to standard NGM plates did not restore growth (data not shown). and PC 3 standards synthesized in vitro using purified AtPCS1-FLAG (7). Inset: Immunoblot analysis of CePCS1-FLAG and AtPCS1-FLAG in whole cell extracts from CePCS1::FLAG-, AtPCS1::FLAG-and empty vector-transformed DTY167 cells. The M r 46,000 and 58,000 species were the only anti-FLAG antibody-reactive polypeptides detected in the extracts. Adult worms (%) Figure 3 
CONCLUSIONS
